Abstract. We consider electron systems characterized by chirality, such as Dirac fermion systems and iron-based superconductors. We investigate the chirality effect on superconducting states in such a system. We show that chirality effect leads to a nodal structure in the superconducting gap function. The node creation mechanism depends on the wave vector q of the pairing interaction and vorticity that characterizes chirality of electrons. The node creation effect due to chirality is significant for the case of Dirac fermions with q = (π, 0) and for the case of iron-based superconductors with q = (π, π).
Introduction
Massless Dirac fermions in condensed matter systems have attracted much attention since the discovery of the anomalous integer quantum Hall effect in graphene [1, 2] . In such a Dirac fermion system, the conduction and valence bands touch at a single point. This band structure is called the Dirac cone from its shape and the point of band contact is called the Dirac point. In graphene, the linear energy dispersion exists at the corners of the first Brillouin zone, so that the electrons at low energies are well described by the Dirac equation, with the speed of light being replaced by the Fermi velocity [3] . Physically Dirac fermions and conventional electrons in metals are quite different. For instance, there is qualitative difference in the energy spectrum under magnetic field. For the case of Dirac fermions, the Landau level energies are not equally spaced and the energies depend on the square root of the magnetic field. In particular, there is the zero energy Landau level. The presence of this zero energy Landau level leads to unusual half-integer quantum Hall effect [1, 2] .
Another important physical properties of massless Dirac fermions is chirality. There are two types of Dirac fermions: right-handed and left-handed. The Dirac fermion with the wave vector k is either right-handed, denoted by pseudospin ↑, or left-handed, denoted by pseudospin ↓. In the Brillouin zone the pseudospins create a vortex or an anti-vortex configuration at Dirac points. It is well known that the backward scattering is suppressed in Dirac fermion systems because of the chirality effect [4] . In the backward scattering the Dirac fermion state |k, σ with σ being the pseudospin is scattered into the Dirac fermion state |−k, σ ′ . Because of the nature of chirality, there is a matrix element for such a scattering process if σ ′ =σ. Namely if the pseudospin is flipped, then there is a matrix element. However, those two energy states have different energies so that there is no matrix elements. The suppression of the backward scattering is understood from the Berry phase argument as well [4] . In addition, there is no Anderson localization. In conventional metals pure two-dimensional systems are insulators because of the Anderson localization effect. However, reflecting the absence of the Anderson localization, graphene, which is a pure two-dimensional system, is a good conductor.
Electrons in iron-based superconductors are also characterized by chirality.
In the antiferromagnetic phase of iron-based superconductors, the Dirac fermion energy spectrum appears near the Fermi energy [5, 6, 7] . It was pointed out that hybridizations between the Fe 3d orbitals and the pnictide ion 4p orbitals give rise to the band degeneracy characterized by a nontrivial topology [5] . Contrary to a conventional spin density wave, there are gapless nodal points along the Fermi surface. The topology here is characterized by vorticity quantum number, which is associated with the phase winding defined through a two component spinor wave function. Although there is no Dirac fermion energy spectrum near the Fermi energy in the absence of the spin-density wave, the electrons in the iron-based superconductors have chirality with vorticity two.
In this paper, we consider superconducting states of electrons characterized by chirality. We study Dirac fermions and electrons with vorticity two. We show that there is a node creation mechanism that is associated with the chirality effect. The nodal structure of the superconducting gap function depends on vorticity. In Sec. 2 we briefly review chirality. In Sec. 3 we study chirality effect on superconducting states of Dirac fermion systems. In Sec. 4 we study chirality effect on superconducting states of iron-based superconductors. We summarize the result in Sec. 5
Chirality
In this section we briefly review chirality of Dirac fermions and chirality of electrons in iron-based superconductors.
We first consider Dirac fermion systems. In Dirac fermion systems, there are even number of Dirac points. If there is a Dirac point k D in the Brillouin zone, there is another Dirac point at −k D . If we focus on a single Dirac point, and taking that point as the origin of k space, the Dirac fermion energy spectrum is described by the following 2 × 2 Hamiltonian:
Here v is the Fermi velocity. If we rewrite the Hamiltonian as
the right hand side has a form of the Zeeman energy. The psuedospin is denoted by σ and k plays a role of magnetic field. Since σ is one-half, if we take the direction of k as the quantization axis for the pseudospin σ, the eignestate is either psuedospin ↑ or ↓. The state |k, ↑ has the eigen-energy ε k = v k 2 x + k 2 y and the state |k, ↓ has the eigen-energy −ε k . One can define the vector field
For the case of the Hamiltonian above, the vector field n k exhibits radial configuration of pseudospins. The configuration becomes a vortex if we rotate each pseudospin by π/2 in counterclockwise direction. The Dirac points are represented by such a vortex in the Brillouin zone. Now let us turn to iron-based superconductors. Iron-based superconductors are a multiFermi surface system. All the Fe 3d orbitals constitute the Fermi surfaces. There are hole and electron Fermi surfaces with almost equal sizes. Among the Fe 3d orbitals d xz and d yz orbitals play an important role. We can take the space of d xz and d yz orbitals as the pseudospin space. Using the wave function at each point of the Fermi surfaces, we define the pseudospin. Figure  1 shows the pseudospin configuration in the Brillouin zone. As the model Hamiltonian for iron-based superconductors we take a five-band model [8] . We find pseudospins exhibits vortex configurations on each Fermi surface. Contrary to Dirac fermion case, vorticity is not one but two. In fact, the pseudospins on the outer hole Fermi surface at the Γ point rotate twice in clockwise direction when one goes around the Γ point. Similar rotations occur on other Fermi surfaces. There are several possibilities of the pseudospin configuration as shown in Fig. 2 which are distinguished by vorticity. Figure 2(a) shows no vorticity case. The Dirac fermion case corresponds to Fig. 2(b) . The pseudospins in iron-based superconductors exhibit a vortex configuration as shown in Fig. 2(c) . In this case vorticity is two. In the following sections we consider superconducting states of electrons with vorticity.
Chirality effect on superconducting states of Dirac fermions
To study superconducting states of electrons characterized by vorticity, we introduce a pairing interaction by hand. We consider the following pairing interaction:
The scattering wave vector is denoted by q. In the following analysis we consider the q = (π, 0) case and the q = (π, π) case. The parameter λ is the interaction range in the Brillouin zone. As the pairing interaction we consider repulsive interactions only. It turns out that there is no significan effect associated with chirality for the case of attractive interactions. For the analysis of the superconducting state, we solve the linearized BCS gap equation,
Here ∆ k is the gap function. The wave vector k and k ′ are taken those on the Fermi surface. The integral is taken over along the Fermi surface. Figure 3 shows the result of q = (π, 0) and Fig. 4 shows the result of q = (π, π). The Dirac fermion case is Fig. 3(b) and Fig. 4(b) and the normal electron case is Fig. 3(a) and Fig. 4(a) . We find that there is a clear qualitative difference for the case of q = (π, 0) between the Dirac fermion case and the normal electron case. The nodal structure is different between the two cases. Because of suppression of the pairing matrix elements due to the chirality effect there is additional nodal structure for the case of Dirac fermions. Contrary, there is no qualitative difference for the case of q = (π, π). The gap function has d x 2 −y 2 -wave symmetry but this is just a consequence of the pairing interaction. For the interaction with q = (π, π) the chirality effect is not strong but weak. Therefore, there is no significant modification of the gap function.
Chirality effect on iron-based superconductors
Now we consider chirality effect on iron-based superconductors. In order to describe the energy band dispersion, we take a five band model with the energy dispersion perpendicular to the Fe-layers [9] . We take the k x and k y axises for the two dimensional Fermi surfaces associated with the Fe-layer and the k z axis for the perpendicular direction. Numerical calculations of the pseudospins, which is defined in Sec. 2, show that the chirality somewhat depends on k z as shown in Fig. 5 . Although there is quantitative difference in the psuedospin configuration for different k z , the important fact is that vorticity is conserved.
For the analysis of the superconducting gap function, we solve the linearized BCS gap equation as in Sec.3. The gap equation is,
Here α and β are indices for the Fermi surfaces. Figure 6 and Fig. 7 show the result of q = (π, 0) and q = (π, π) at k z = 0. The case of iron-based superconductors, which is characterized by vorticity two, is shown in Fig. 6(b) and Fig. 7(b) . The normal electron case is Fig. 6(a) and Fig. 7(a) . Contrary to the Dirac fermion case we do not find qualitative difference for the case of q = (π, 0) between the vorticity two case and the normal electron case. Since vorticity is two, there is no suppression of the pairing matrix elements. The chiralities of k and −k on the same Fermi surface are equivalent, and so there is no suppression of the matrix elements. Contrary to the case of q = (π, 0), there is clear qualitative difference for the case of q = (π, π). For the case of vorticity zero there are the nodal structures on the electron Fermi surface around (π, 0) and (0, π). These nodal structure disappear for the case of vorticity two. On the other hand, there are no nodal structure on hole Fermi surfaces around (0, 0) and (π, π) for the case of vorticity zero. However, nodal structures appear on those hole Fermi surfaces for the case of vorticity two. These qualitative difference is associated with the chirality effect. The gap function of the three dimensional Fermi surfaces is shown in Fig. 8 . The difference between vorticity zero and vorticity two is clearly seen for the case of q = (π, π) ((c) and (d)). For the case of q = (π, 0) ((a) and (b)) there is some quantitative difference but no qualitative difference. 
Summary
To summarize, we have studied chirality effect on superconducting states of electrons characterized by chirality. Because of the chirality effect the superconducting gap function has a nodal structure. This node creation mechanism depends on the pairing interaction wave vector q and vorticity of the electrons. For the case of vorticity one, the node creation mechanism plays an important role for q = (π, 0). For the case of vorticity two, which corresponds to the case of iron-based superconductors, the node creation mechanism plays an important role for q = (π, π). Although this node creation mechanism itself is interesting, the electrons with vorticity would be useful to detect the pairing symmetry of a superconducting state by a proximity effect. We will consider this problem in a future publication.
